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Introduction
Organic electronics is now being adopted for various applications in the field of large-area and flexible electronics. 1-3 Despite a steady progress in the recent past, charge transport in solution processed field-effect transistors (FETs) is still a subject of study and debate, and with more performing materials being revealed and more models proposed, 4-8 further insights are required to obtain a general understanding and to spur further progress in the field. Yet to be solved, the processing-structure-property nexus is a critical aspect both in the opto-electronic properties of the intrinsic material and in the device performances. [8] [9] [10] In particular, the extension of the charge accumulation layer in organic FETs has been extensively investigated in different device architectures, with various works reporting the involvement of a few monolayers from the interface, with currents saturating variably from 2 to 6 monolayers. [11] [12] [13] [14] [15] [16] [17] In the case of solution-processed small-molecules, a device mobility independent of the number of molecular layers has been demonstrated for two-dimensional crystals. 18 For semiconducting polymers the examples are more scarce, and typically a mobility increase with an increasing number of molecular layers has been reported. [19] [20] [21] Yet, the correlation between the width of density of localized states and the Urbach energy in a series of solution-processed polymer thin films has indicated two-dimensional (2D) carrier transport in top-gate FETs. 22 This leaves open the question of whether there is a fundamental necessity of a critical number of layers to saturate currents in polymer transistors. Moreover, this topic has received little attention from a theoretical point of view beyond dimensionality analyses based on the analytical Vissenberg-Matters model, concluding, as in the aforementioned case, a 2D behavior independent of the material chosen, 22, 23 and numerical analysis assuming a Gaussian density of states (DOS) in which charge transport is found to be predominantly threedimensional. 24, 25 A direct observation of 2D transport in solution-processed polymer mono-and multi-layers with highly controlled structures, alongside with the comparison of experimental data with suitable numerical simulations, would actually help to solve the open issues.
To this purpose, we adopt herein a Langmuir-Schäfer (LS) technique to form monolayer-by-monolayer controlled molecular films of the widely studied and good electron transporter poly{[N,N 0bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]alt-5,5 0 -(2,2 0 -bithiophene)}, P(NDI2OD-T2) ( Fig. 1a ). 26, 27 Through multiple depositions of subsequent P(NDI2OD-T2) layers, the LS technique provides an accurate control of the semiconductor thickness at the molecular scale, 28, 29 allowing the successive deposition of complete monolayers, with an edge-on relative substrate/molecular backbone orientation, forming a semiconducting phase with a neat and well-defined molecular organization. 19, 30 It is useful to recall here that the most commonly adopted deposition techniques (e.g. spin-coating, dipcoating, inkjet-printing, bar-coating, etc.) lead to P(NDI2OD-T2) films with a prevalently edge-on oriented surface, in contrast to a prevalently face-on bulk. 20, [31] [32] [33] [34] The LS technique therefore on the one hand allows the investigation of a precisely controlled polymer layer sharing the prevalent molecular package dominating transport in field-effect devices where the active phase is deposited with technologically relevant techniques, and on the other, it represents an optimal tool in order to disentangle the intrinsic electronic properties of the semiconducting polymer films and their interaction with the extrinsic deposition parameters.
In order to clarify the interplay of the different layers in defining the opto-electronic and transport properties of the films, we have adopted optical (UV-Vis absorption spectroscopy) and electrical (current-voltage characteristics of FET) measurements on one (1-L), two (2-L) and three (3-L) layers of P(NDI2OD-T2) deposited via the LS technique, in comparison with spin-coated films. Subsequently, Charge Modulation Spectroscopy (CMS) is employed to reveal charge-induced features in FETs where 1-L, 2-L and 3-L constitute the device active phase. [35] [36] [37] Overall, we provide direct experimental evidence of the electronic independence of subsequently deposited LS monolayers, up to three layers, of the invariance of their opto-electronic and transport properties and the consequent 2D nature of the charge accumulated channel. In addition to the experimental evidence, we corroborate the occurrence of true 2D charge transport in molecularly ordered OFETs from a numerical point of view by means of kinetic Monte Carlo (MC) simulations.
Results and discussion

UV-Vis absorption
LS mono-layers were obtained by spreading a 0.1 mg ml À1 solution of P(NDI2OD-T2) on water, followed by the application of a compressing force that induces compact packing of the molecules at the air/liquid interface. The deposition was then carried out at a surface pressure of about 25 mN m À1 , by approaching hexamethyldisilazane (HMDS)-treated glass substrates horizontal to the air/water interface. This surface pressure allows for the self-assembly of well-ordered films with a preferential edge-on molecular orientation with respect to the substrate over a large area. 19 Surface pressure versus mean monomeric area isotherm curves (ESI, † Fig. S1 ) agree with the area per repeat unit (B55 Å 2 ) calculated for a P(DNI2OD-T2) Langmuir close-packed monolayer having an out-of-plane molecular order (more details in the ESI †). While it was possible to record the absorption spectra of 2-L and 3-L samples with a standard spectrophotometer, for the measurement of the 1-L sample we resorted to a lock-in detection technique, because of the very low optical density (OD). Moving the sample periodically in and out of the probing light beam, we managed to produce a transmitted light signal T modulated at a fixed and known frequency. This signal is then selectively detected with a lock-in amplifier granting the possibility to detect a reduction in transmittance DT, with respect to the glass substrate reference, as low as 10 À5 -10 À6 , eventually allowing the measurement of an optical density of the order of 10 À3 (details can be found in the Methods section). A comparison of the three spectra ( Fig. 1b) normalized at the absorption peak shows that, apart from a slight deviation at high energies, between 1.4 and 2.3 eV all samples have basically the same absorption spectrum. Irrespective of the number of layers deposited, the spectrum is characterized by a broad absorption consisting of three overlapping spectral features with a main optical transition peaked at B1.8 eV. The optical density (OD) of different samples ( Fig. S2 , ESI †) increases with the number of LS layers from OD E 0.003 for 1-L to OD E 0.007 for 3-L at the absorption peak. Bearing in mind that 2-L and 3-L are obtained as a stack of subsequently deposited single layers, the absence of any spectral shape evolution going from 1-L to 3-L indicates that from an optical point of view each successive layer is identical to the previous one and unaffected by the presence of others.
When compared to the optical absorption spectrum of a spin-coated (SC) reference thin film processed from dichlorobenzene, a typical solvent adopted to deposit P(NDI2OD-T2), LS-deposited samples display a slight blue-shift of the main peak, along with a partial quenching of the spectral feature at 1.55 eV ( Fig. 1c ). Both the aforementioned spectral differences between the LS and SC samples are also observed when the SC sample is compared with a P(NDI2OD-T2) thin film treated with a melt-annealing procedure (SC-MA), 31, 38 also reported for comparison in Fig. 1c (details of the thermal treatment are reported in the Methods section). It is worth noticing that on the one hand with respect to the SC-MA sample, the quenching of the shoulder at 1.55 eV is only partial, while on the other hand no significant growth of the transition at 1.90 eV is observable. The spectral feature at 1.55 eV has been previously ascribed to a well-defined aggregate-induced inter-molecular transition, 39 while, according to previously published DFT calculations, the feature at 1.90 eV, stemming from the linear combination of the excited states of two interacting chromophores, is expected to preserve the properties of a single chain transition. 38 Both of them are particularly sensitive to the packing motif of the molecules and while the first transition is quenched upon thermal treatment, the latter is enhanced. Thus, the reported observations suggest that the LS deposition leads to a reduced aggregate content, while retaining a molecular packing motif typical of the SC thin film.
Electrical characterization
We have then evaluated the charge transport properties of 1-L, 2-L and 3-L samples in top-gate, bottom-contact FETs, depositing the three films on HMDS-treated glass substrates with photolithographically pre-patterned thin (15 nm) gold electrodes. As a dielectric we used a low-k (k = 2.1) perfluorinated 550 nm thick CYTOP layer ( Fig. 2a ). Remarkably, the n-channel saturation (drainsource voltage, V DS = 60 V) transfer characteristic curves of all devices ( Fig. 2b ) are almost identical, with a very minor difference in currents (B15% of the 3-L current) at high gate-source voltage (V GS ) and a limited difference in the subthreshold regime at low V GS . Correspondingly, for all devices we extracted identical saturation mobility values (m sat ) of 0.022 AE 0.002 cm 2 V À1 s À1 at sufficiently high V GS . Therefore, also from an electrical point of view, we do not see any evolution in charge transport properties with the addition of layers. Different from previous reports on ultrathin polymer films, where currents and mobility saturation were obtained after a few molecular layers, [19] [20] [21] here we achieve saturation already at a layer thickness of one molecular strand. Since no advantage is gained with additional molecular layers, and since the mobility in 1-L is already higher than the plateau value of 0.018 cm 2 V À1 s À1 previously reported for 6 or more P(NDI2OD-T2) LS layers over 50 mm long channels, 19 we safely conclude that a single layer is not limiting the charge transport and that efficient percolation pathways are present already within a monolayer. It is worth noting that always the last deposited layer is involved in transport, since it is the one coming into contact with the gate dielectric and it will therefore be the one hosting the accumulation layer.
Lower mobility values for 1-L, 2-L and 3-L were reported in past reports on the LS transferred P(NDI2OD-T2) film 19, 30 where an eventual inherent dependence of channel integrity and coverage on film thickness was still plausible. By optimizing the deposition method, we now obtain a polymer monolayer with identical transport properties of a multilayer, so that any dependence of transport properties on film thickness can be definitely excluded, in much better agreement with the measurement of invariant thermal activation energy reported by Fabiano et al. 30 We also highlight that with a single molecular strand, like in the 1-L case, common advantages of top-gate architecture with respect to a bottom gate are evidently not valid anymore, especially in terms of more ideal energetics at the semiconductorpolymer dielectric interface. 40 The latter may only explain the small differences between 1-L and the other films in the subthreshold behavior, a bias range more sensitive to the presence of trap states and/or wider density of states. However, the identical mobilities at high V GS , i.e. in full accumulation, of 1-L, 2-L and 3-L samples contrast with the consolidated idea that a more efficient transport occurs at the interface with polymer dielectrics. Albeit functionalized with HMDS, the interface with glass should be less ideal for transport, especially in the case of n-type materials. 41 Irrespective of this, the two interfaces with glass and polymer dielectric are physically very different, and it is rather remarkable not to observe any difference when the channel is accumulated in the top layer of 2-L and 3-L samples. Thus this represents a direct observation of the effective electronic isolation of the first monolayer from strong substrate-induced detrimental effects on transport. There has not been a similar observation for polymer ultra-thin films so far. [19] [20] [21] We can rationalize this finding as an effect of the aliphatic solubilizing side chains that, because of the specific edge-on configuration, acts as a spacer in between the conjugated backbone and the dielectric. 26 Indirectly we also have a confirmation that the nanostructure of each layer is defined at the water-air interface during the LS procedure, and that there is no influence of the underlying layers or substrate on the film morphology and electronic properties upon subsequent transfer of each monolayer.
Monte Carlo (MC) simulations
To further strengthen the evidence of 2D transport as inferred by UV-Vis absorption spectroscopy and electrical characterization, we investigated charge transport by means of kinetic Monte Carlo (MC) simulations. MC simulations represent a simplified real-world experiment with the ability to control all aspects of sample and measurement. The model of the LS layered OFETs consists of a stack of a gate dielectric and a number of semiconductor monolayers in the z-direction, where the material parameters have been chosen to represent the P(NDI2OD-T2) OFETs used in this work. Transport of Coulombically interacting charges in the semiconductor layer is assumed to occur via nearest neighbor hopping with Miller-Abrahams rates on a rectangular lattice between localized sites distributed in energy according to an exponential distribution. The gate field is applied along the z-axis and a source-drain field along the y-axis directs the movement of the charges in the system. The magnitude of the said field has been chosen to be at least one order of magnitude lower than the gate field. Further technical details concerning the MC algorithm can be found in ref. 42 and 43. The obtained transfer characteristics are shown in Fig. 2c , along with a direct comparison with experiments. An energetic disorder of 80 meV was required to consistently fit the data. The layer height and lateral lattice spacing were set to 3 nm and 1 nm, respectively, obtaining a rectangular unit cell, which better mimics the unit cell of the actual material where each edge-on LS strand is B3 nm thick. 19 The magnitude of the current has been scaled to fit the experimental values of the 1-L device at the highest gate field. As it can be seen, the gate field dependence is well reproduced in the simulations, and the simulated current is only mildly modulated by the number of layers, with the total variation just slightly higher than in the experimental curves (B35% of the 3-L current). The absence of a marked thickness dependence is in contrast to the work by Sharma et al., 24 where additional layers were found to affect the current. We attribute this difference to the rectangular unit cell of the present system, 3 Â 1 Â 1 nm 3 vs. 1 Â 1 Â 1 nm 3 used in ref. 24 , which is chosen because of the particular LS layer morphology. From a numerical point of view, such a unit cell enhances the confinement by the gate field and reduces the tunneling rates between successive monolayers, both enhancing the 2D nature of the charge transport. The slight dependence on the number of layers at lower gate fields, which is also observed in experiments, stems from the consideration that the carriers are distributed over multiple monolayers (if present) before being confined to the first monolayer at stronger gate fields, as discussed below in more detail.
It is noteworthy that, in the simulation, the gate field dependence of the current is strongly dependent on the energetic disorder of the semiconductor where a strong and weak energetic disorder leads to a strong and weak field dependence of the current, respectively. This allows for a relatively precise estimate of the actual (exponential) disorder of 80 AE 10 meV.
Charge modulation spectroscopy investigation
We have further investigated the transport properties of monoand multi-layer FETs by adopting charge modulation spectroscopy (CMS) as a direct probe of the charge-induced spectral features in the different samples. 44 CMS measures the spectral transmission variation (DT), normalized to total transmission (DT/T), induced by a modulation of the charge density in the channel obtained through the modulation of the FET gate voltage. This technique is inherently sensitive only to conjugated segments visited by the charge within the molecular films. Since the charge-induced DT is usually a very low signal, a lock-in detection system is typically adopted: the gate voltage is modulated at a certain frequency while a light beam is focused on the sample, generating a DT signal at the same frequency, which is then collected through a lock-in amplifier. This signal is then normalized to the transmittance value in the absence of any accumulated charge and plotted as a function of the impinging photon energy.
The CMS spectra collected on the 1-L, 2-L and 3-L FETs (Fig. 3a ) are identical; very small deviations are within the experimental error. The positive band (DT 4 0), corresponding to the bleaching signal due to the reduced ground-state absorption, confirms the same shape of the optical absorption spectrum for all samples irrespective of the number of layers (Fig. 1b) . The negative charge-induced absorption (DT o 0), peaked at 1.45 eV, proves that charge carrier relaxation and the energetic landscape probed by the charge carriers are not changing upon increasing the number of layers. In between the two main features, from 1.60 to 1.65 eV, the region with DT E 0 is a result of the compensation between an absorption and a bleaching feature. 38 Compared to the CMS spectrum of an SC film, where the two features at 1.55 eV and at 1.65 eV (previously discussed in ref. 38 ) can be distinguished, the spectra of the LS layers flatten because of the partial suppression of the 1.55 eV transition in the ground-state absorption (Fig. 3a) . CMS measurements therefore indicate that all LS layers are structurally and energetically identical and that they are very weakly coupled.
We verified such interpretation of the experimental data by further MC simulations. The time-dependent nature of the MC algorithm allows us to track the position of every carrier at every point in time, which gives a unique and unambiguous opportunity to investigate the dimensionality of the charge transport. As a measure of this, the percentage of charge carriers in the first monolayer is plotted as a function of gate field for 1-L, 2-L and 3-L based FETs in Fig. 3b . The data set rationalizes Fig. 3a by showing that at larger gate fields the vast majority of all charges sits in the first monolayer in contact with the dielectric, irrespective of the total number of layers; at low gate fields lower lying layers do get populated, which leads to the observed minor thickness-dependence of the current. The various factors contributing to this dependence are beyond the scope of the present work and are extensively discussed in ref. 24 .
It is also worth noting that there is a qualitative agreement between this work and the work by Maddalena et al. 45 where, for a thin-film of P(NDI2OD-T2) deposited by spin-coating, an accumulation channel depth of B2 nm at high gate voltage was estimated.
The direct evidence provided by CMS investigations, along with the MC simulations, further strengthens the I-V data previously reported and proves the 2D nature of charge distribution in LS devices, where percolation pathways are efficiently established within electronically independent molecular monolayers (see the sketch in Fig. 3c ). The same aliphatic chains which hinder the effect of the dielectric interface introduce a transversal energetic barrier in between molecular layers, the height of which can reach hundreds of meV, 30, 46 and are responsible for the electronic independence of the subsequent layers.
Thermal annealing effects
To assess whether the observed thickness independence originates from the specific layer-by-layer deposition method adopted, or a more general feature for P(NDI2OD-T2), we have investigated the transport properties and CMS features of 1-L, 2-L and 3-L films after a thermal treatment on films above the melting temperature. Melt-annealing at 350 1C and slow-cooling at a rate of 10 1C min À1 were employed to provide sufficient thermal energy and time for the backbones and side-chains to rearrange and relax into an energetic minimum which can largely differ from the one imposed by LS procedure. The same conditions have been extensively employed in the literature on P(NDI2OD-T2) samples, producing edge-on films with improved crystallinity and reduced intra-crystallite disorder starting from spincoated films. 32, [47] [48] [49] In this way we obtained three films, namely 1-L MA, 2-L MA and 3-L MA, with molecular content identical to 1-L, 2-L and 3-L, respectively, and a microstructure defined by the cooling process. FET devices based on 1-L MA, 2-L MA and 3-L MA are characterized by a large threshold voltage (V T ) shift, similar to what was reported in the case of melt-annealing of spin-coated samples (Fig. 4a) . Such a shift is largely ascribable to an increased contact resistance in the OFETs after annealing. 38 In MA films we measure a clear dependence of the device currents with the number of layers, with a fivefold increase passing from 1 to 3 layers. When we extract the field-effect mobility at the same V G À V T value, we correspondingly record an increase of mobility with increasing thickness, from 0.01 cm 2 V À1 s À1 to 0.04 cm 2 V À1 s À1 and 0.07 cm 2 V À1 s À1 for 1-L MA, 2-L MA and 3-L MA samples, respectively. This largely deviates from what was observed in the LS films indicating that when molecules can reassemble, the film properties do change substantially. Fig. 2b. (c) Sketch representing the confinement of the charge within the first polymer monolayer at the dielectric/semiconductor interface in full accumulation.
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We have also recorded the CMS spectra for MA samples (Fig. 4b) . The changes in the spectra observed with respect to LS films are similar to what was previously observed by meltannealing pristine, spin-coated films. 38 The charge-induced absorption is fairly identical in all MA samples: here the 1.65 eV feature becomes much more prominent with respect to LS films due to a complete suppression of the excitonic ground-state absorption at 1.55 eV. MA spectra instead show differences in the bleaching signal as a function of the number of layers, with a progressive increase of the band around B1.9 eV. Such evolution, not present in the pristine LS films, brings the spectrum of the 3-L MA sample to be very close to the spectrum measured in a MA spin-coated film (Fig. 4c ). We also note that the 3-L MA film reaches a mobility value approaching that of bulkier SC film after undergoing the same treatment (m sat = 0.1 cm 2 V À1 s À1 ). 38 Both charge transport and CMS measurements indicate that the LS structure is lost and the film has re-arranged similar to what occurs in spin-coated thin films upon the same melting treatment. Importantly, the dependence on the number of ML indicates that the strict 2D nature of the pristine LS-films is lost upon melt annealing. Thus the film thickness independence observed in LS films is due to the successive deposition of complete monolayers whose microstructure is pre-formed at the air-water interface.
In contrast to the experimental findings, no ML dependence is observed for simulations performed on rectangular lattices (see also Fig. S5 , ESI †). Simulations on a cubic lattice, however, were previously found to result in a ML dependence. 24 As explained above, the 2D confinement is strongly enhanced by the rectangular unit cell. Hence, morphological irregularities introduced into the well-defined structure of the LS films by melt annealing will give rise to sites with a distribution of shorter inter-monolayer distances which reduces the penalty for hopping away from the first monolayer and allows percolation pathways to extend further into the material, i.e. in between what used to be individual layers. At the same time (a distribution of) larger in-plane hopping distances will be formed, further enhancing the tendency for out-of-plane hopping. The thickness dependence of melt-annealed devices might therefore be attributable to a less perfect packing of the layers. Unfortunately, a continuous distribution of inter-site distances cannot be accounted for in our MC model.
Experimental methods
OFET fabrication and electrical characterization
Thoroughly cleaned 1737F glass or SiO 2 was used as a substrate for all the films realized in this work. FETs were fabricated according to a Top-Gate, Bottom-Contact architecture. Bottom Au contacts were defined by a lift-off photolithographic process with a 1.5 nm thick Cr adhesion layer. The thickness of the Au contacts was 15 nm. Patterned substrates were cleaned in an ultrasonic bath in isopropyl alcohol for 2-3 min before deposition of the semiconductor. The 1-L, 2-L and 3-L P(NDI2OD-T2) films were transferred on the substrate using the Langmuir-Schäfer (LS) technique as described above. As the dielectric layer, the perfluorinated polymer CYTOP CTL-809 M dielectric (Asahi Glass) was spun as received at 6000 rpm for 90 s (film thickness B550 nm); thermally evaporated 4.5 nm thick Au transparent gate electrodes were employed. The electrical characteristics of transistors were measured in a nitrogen glovebox on a Wentworth Laboratories probe station with an Agilent B1500A semiconductor device analyzer. Saturation charge carrier mobility values were extracted by the transfer characteristic curves according to the gradual channel approximation, following the expression I DS = m sat Â C die Â W/2L Â (V GS À V Th ) 2 , where I DS is the drain current, m sat is the saturation mobility, C die is the specific dielectric capacitance, W and L are the width and the length of the channel, respectively, V GS is the gate voltage, V DS is the drain voltage, and V Th is the threshold voltage. Accordingly, m sat was obtained from the slope of I DS 0.5 versus V GS , calculated every three points around each V GS value. 
UV-Vis absorption
The absorption measurements were performed using a spectrophotometer (Perkin Elmer Lambda 1050). The sample for the absorption measurements was prepared by the LS deposition on glass substrates according to the same recipe used for OFET preparation described above in the sample preparation part. In the case of the 1-L sample, the absorption was below the spectrometer resolution. Thus, in order to improve the signal to noise ratio, we moved to a lock-in detection technique. Mounting the sample on a chopper blade rotating at a fixed frequency f and focusing a monochromated tungsten lamp on it, we managed to get a transmitted light signal modulated at a known frequency. Notice that the actual rotation frequency was determined by shining a monochromatic CW light source on the same blade and then using its transmission as a reference. We then demodulated the transmitted white signal with a DSP lock-in in order to get the 1-L sample transmittance T. Eventually the absorption was defined as 1 À T.
Charge modulation spectroscopy
The CMS spectra were collected by measuring the normalized transmittance variation (DT/T) induced by the gate voltage modulation. We performed the measurements keeping the source and drain electrode at 0 V, while the modulated voltage ( f = 983 Hz) was applied at the gate electrode. The light of a tungsten lamp was monochromated and subsequently focused on the device. The transmitted portion of the light was then detected through a silicon photodiode. The electrical signal is amplified through a trans-impedance amplifier (Femto DHPCA-100) and then revealed through a DSP lock-in amplifier (Stanford Instrument SR830). All the measurements were performed in a vacuum atmosphere (B10 À5 -10 À6 mbar).
Kinetic Monte-Carlo simulations
The MC experiments were performed with the temperature set to T = 300 K in a box containing 70 Â 70 Â N lattice sites in the x-, y-and z-direction, respectively, where N is the number of monolayers. As described above, the inter-site distance was chosen to be 1 Â 1 Â 3 nm 3 for rectangular lattices and 1 Â 1 Â 1 nm 3 for cubic lattices, where the hopping probabilities scale with distance as p d p e À2a(adÀa0) , where a = 2 Â 10 9 m À1 is the inverse localization length, a d is the lattice constant in the direction of the hop and a 0 is a reference lattice constant. The number of particles in the box is set by V g and the areal capacitance of the gate, and was between several tens and several hundreds for the field range considered in this work. Every current data point is the result of averaging over 20 configurations, where the convergence of every simulation was ensured. Interactions of twin charges resulting from the periodic boundary conditions in the x-and y-direction have been included for all carriers up to 5 box sizes away, at which point these interactions become negligible. Image charges of all charges and their twins in the z-direction arise due to the difference in the dielectric constant between the semiconductor e 1 = 3.6 and the substrate e 2 = 4.7 (the gate dielectric was set to have the same dielectric constant as the semiconductor). The electric potential in the semiconductor due to self-interaction of charge q was calculated according to ref. 24 as q t 4pe 0 r where e 0 is the vacuum permittivity, r is the distance between the charge and its image in the substrate in the z-direction and q t ¼ q e 1 e 1 À e 2 e 1 þ e 2 is the total charge induced by charge q in the substrate.
Conclusions
For the first time for a solution processed polymer semiconductor, we have observed the saturation of FET device currents and mobility already with a single molecular layer, and a consequent independence of FET performances from the number of monolayers. Overall our FETs' electrical and CMS data allow us to identify a scenario in which, within each single monolayer, energetically identical charge carrier states are equally sustained in a strictly 2D percolation path. The 2D transport derives from an interlayer hopping penalty reflecting a specific microstructure obtained by the LS technique where monolayers, pre-formed at the air-water interface and unmodified upon transfer to substrates, share the short-and long-range morphology. Interestingly, charge transport in such molecular layers is not affected by the usual defectivity associated with glass substrates treated with short hydrophobic molecules, likely favored by the high compactness of the LS molecular strand which packs with an edge-on motif. When melting and slow cooling processes are adopted, allowing the LS layers to reassemble and interact, the LS-induced microstructure, and therefore the strict 2D nature of both optical and electronic properties, is lost, and the thickness dependence is reintroduced. This confirms the paramount importance of the supra-molecular self-organization in the determination of polymer semiconductor charge transport properties.
